Statistical properties of neutral excitons, biexcitons and trions conned to natural quantum dots formed in the InAs/GaAs wetting layer are reported. The correlation of the trion binding energy and the biexciton binding energy was found. Magnetospectroscopic measurements of the excitons revealed also the correlation of excitonic eective g * factor of an exciton with the biexciton binding energy. The qualitative picture of the eect of quantum connement on the observed correlations is presented.
Properties of Excitons in Quantum Dots
Quantum connement of carriers in semiconductor quantum dots (QDs) leads to numerous eects of fundamental character. This makes them objects of intense study (for a review, see Ref. [1] ). The research is driven by both scientic curiosity and promising optoelectronic applications, e.g., in optical quantum devices based on single-photon emission. One of the problems, hindering their use in such applications is the statistical character of the QDs potential structure which leads to inhomogeneous broadening of their emission energies. The energy structure of carrier complexes conned to QDs depends on the conning potential and electrostatic interactions between the carriers. Substantial eorts have been made to relate the morphological properties to the properties of excitons conned in QDs [2] . The key point lies in the identication of main factors, which aect the excitonic structure of QDs. To this goal we studied optical properties of excitons conned in natural dots formed in the InAs/GaAs wetting layer (WL) [3, 4] . The three--dimensional quantum connement of carriers in the WL is related to potential uctuations due its In-composition uctuations [5] . Deepest potential uctuations resulted from the WL disorder conne both electrons and holes and at low temperature their recombination results in the optical emission at the energy up to 1015 meV below the threshold of the WL-related emission. The uctuations are referred to as natural InAs/GaAs quantum dots (WLQDs). The non-classical character of the optical emission related to excitons conned in the WLQDs was conrmed by the observation of biexcitonexciton emission cascades in the WLQDs [6] which makes the WLQDs a potential system to be used in quantum information processing applications.
The sample investigated in this work was grown by molecular beam epitaxy using the In-ush technique.
It contained a single layer of self-assembled InAs/GaAs QDs grown at 524
• C, deposited on a GaAs substrate covered by an 800 nm GaAs buer layer. The sample was capped with a 100 nm GaAs top layer. The indium ush [7] was applied to the self-assembled QDs at 5 nm, resulting in formation of at dots of 3.5 nm height. Low temperature micro-photoluminescence (µ-PL) measurements were performed using continuous-ow cryostat or in a bath-type cryostat. In the latter case the high spatial resolution was assured in the experiment by using a specially designed reection-type microscope objective immersed together with the sample inside the cryostat. The diameter of the laser spot on the sample surface was lower than 1 µm. Two dierent lasers were employed to excite the sample: nonresonant CWNd:YAG (532 nm) and LED laser (650 nm). Measurements in high magnetic elds were performed in an optical ber--based experimental setup in the National High Magnetic Field Laboratory in Grenoble with attocube piezoelectric positioners allowing for a precise positioning of the sample [8] . The photoluminescence was resolved using a 0.5 m diraction spectrometer with a CCD camera.
Experimental results
Basic properties of the WLQDs-related emission lines observed in µ-PL measurements at low temperature can be summarized as follows.
At low excitation power density, the spectrum usually consists of two emission lines: X and X + (see Fig. 1 ). Similar µ-PL spectral lineshape can be found on several spots of the sample. The inspection of the CCD camera image conrms that both lines originate from the same location. The WLQDs-related emission is spatially anti-correlated with emission from self-assembled QDs present in the structure (which are not addressed in this (781) work). The average areal density is of the order of 10 7 to 10 8 cm −2 . Polarization-sensitive measurements conrm that the X emission line is split into two components polarized in perpendicular directions. The splitting is due to the long-range component of an anisotropic electron hole exchange interaction [9] and supports the attribution of the X line to a neutral exciton. The energy splitting changed from dot to dot and it was usually less than 20 µeV. No X + splitting is observed, which is consistent with its attribution to a trion, in which the exchange interaction is quenched. The attribution of the trion to the positively charged exciton is based on background acceptor presence in the intentionally undoped GaAs layers [10] . Also its usual appearance in the spectrum is consistent with the larger probability for holes to be localized by potential uctuations due to their higher mass as compared with the mass of electrons [11] . Depending on excitation conditions [6] another emission line related to a trion was observed in the spectrum, which is related to a negatively charged exciton X − . Both X and X + emission lines gain in intensity with increasing excitation power. With the further increase of the excitation power, another emission line 2X emerges in the spectrum with increasing excitation power at the energy E 2X , which is lower than the neutral exciton emission energy E X . The 2X emission line dominates the spectrum excited with the highest power density. The 2X consisted of two components, which were linearly polarized in perpendicular directions and its splitting was opposite to the neutral exciton splitting. The observation conrms our attribution of the 2X to the recombination of a neutral biexciton.
A set of spectra related to several WLQDs are presented in Fig. 1 (note the energy scale relative to the energy of a neutral exciton E X ). It can be seen that the positive trion binding energy E B X+ = E X+ − E X correlates with the biexciton binding energy E B 2X = E 2X −E X . Moreover with the decreasing biexciton binding energy, the positive trion binding energy becomes positive (the trion is said to become unbound). In order to gain more insight into the properties of excitons in WLQDs magneto-spectroscopic studies were also performed. Typical results of polarization-resolved measurements done in the Faraday conguration are presented in Fig. 2 . It was observed that the excitonic emission lines split in magnetic eld into two circularly polarized components and shift their emission to higher energy [12] . In moderate magnetic elds the eld dispersion of the X excitonic emission can be expressed as
with the Bohr magneton, µ B = 5.79 × 10 −5 eV/T. The second term in the expression corresponds to the energy splitting between two circularly polarized components of the bright exciton (|M | = 1) of opposite momentum which is due to the Zeeman interaction of the spin with external magnetic eld. The interaction is characterized by the eective excitonic g * -factor. The diamagnetic shift of excitonic emission, which can be parameterized with a diamagnetic coecient γ will not be addressed in this communication. The eective excitonic g * of neutral excitons measured for several WLQDs are collected in Fig. 3 . As it can be seen in the gure, the excitonic g * also correlates with the biexciton binding energy.
Discussion
The remarkable correlation between the positive trion binding energy and the biexciton binding energy observed in the investigated structure suggests that despite uctuations in the WLQD morphology some fundamental rules hold for the properties of conned excitons. Similar behavior was previously observed in self-assembled InAs/GaAs QDs [13] , CdTe/ZnTe QDs [14] and strain--free GaAs/GaAlAs QDs [10] . While in the InAs/GaAs and CdTe/ZnTe QDs the positive trion follows the biexciton in a relatively narrow energy range, in the strain free GaAs/GaAlAs QDs the correlation is similar to the observed in our experiment. In particular the transition of the positive trion from the bound to the unbound was observed. The correlation was interpreted in terms of the balance between the Hartree mean-eld corrections to the single-particle states and the inter-particle correlations [10] .
Some conclusions on the properties of excitons in the WLQDs can also be drawn from magnetospectroscopic data. Within the experimental accuracy, the excitonic emission is circularly polarized except for the smallest magnetic eld. This conrms that the excitons are mainly composed of electrons and heavy holes. The composition of excitons results from the substantial splitting between heavy and light-hole subbands, which is related to substantial strain accommodated in the WL. Despite the splitting, the mixing of the heavy with light-hole states cannot be neglected as two bright exciton states are split by the anisotropic exchange, which results in the linear polarization of their emission in zero magnetic eld [15] .
The g * factors in IIIV QDs may have a rich structure resulting from strain, geometry, and connement which makes the picture more complex than in the respective quantum wells (QWs). We believe however that our results can be qualitatively explained using the arguments previously proposed to explain the eect of quantum connement on the g * factors in (In,Ga)As/GaAs QWs [16] . It is well established from k · p theory that the g factors of carriers are determined by band-mixing eects. In particular a strong In-concentration and well-width dependence of the Zeeman splitting of heavy-hole excitons observed in the QWs was attributed to the eect of the coupling of heavy-hole and light-hole valence bands. The interaction aects the spin-up state of a heavy hole and reduces the heavy hole Zeeman splitting. The splitting between heavy holes and light-holes increases with both indium concentration and well width leading to the increase of the g * factor in the (In,Ga)As/GaAs QWs. Relatively large linear range of the Zeeman splitting in the investigated dots conrms that the splitting between heavy-holes and light-holes is larger than in the QWs investigated in Ref. [16] . In our opinion however its eect is sucient to modulate the excitonic g * factors across the set of investigated dots. Therefore the monotonic dispersion of the eective g * factors with the biexciton binding energy reects the magnitude of the heavy-hole light-hole mixing in the investigated dots.
In order to explain the observed behavior we propose a simplied picture of the eect of quantum connement on the excitons in the WLQDs. The small biexciton binding energy corresponds to the largest g * factors. This must reect large heavy-hole light-hole splitting due to a relatively high In-content of the dot. Deeper potential better connes electrons and holes and maximizes their overlap. The connement evolves towards the strong connement regime. In that case biexcitonic binding energy is small, as the repulsion between the same carriers is very similar to the attraction of carriers of opposite charge. Moreover as the spatial extent of the hole wavefunction is smaller than the extent of the electron, the binding energy of a positive trion is positive the trion is said to be unbound. In the opposite limit, the carrier connement is weaker which results in larger heavy hole-light-hole mixing and in smaller eective g * factor. The eect of the Coulomb interactions is more pronounced and it must be responsible for the larger biexcitonic binding energy and the negative binding energy of the positive trion.
Conclusion
We investigated optical properties of a set of the WLQDs. We have shown the characteristic pattern of excitonic emission spectra with a positive trion binding energy being proportional to the biexciton binding energy. Similar correlation of the excitonic g * factor with biexciton binding energy has been observed. We conclude that the binding energy of the biexciton carries non-trivial information on the properties of their conning potential in the investigated dots.
